T he clinical manifestations of non-ST-elevation acute coronary syndromes (NSTE-ACS) are based on myocardial ischemia and infarction, which are usually caused by an acute thromboembolic process superimposed on an atherosclerotic plaque fissure in a coronary artery. 1 The risk of death and recurrent ischemic events varies considerably across the spectrum of patients with NSTE-ACS. The risk for adverse outcomes can be estimated by clinical background factors; signs of ischemia in the ECG; and by circulating biomarkers of myocardial necrosis (troponin), ventricular wall stress and ischemia (N-terminal pro-B-type natriuretic peptide [NT-proBNP]), inflammatory activity (C-reactive protein [CRP]), and renal dysfunction (creatinine clearance), each of which addresses a separate aspect of NSTE-ACS pathophysiology. [2] [3] [4] [5] [6] [7] [8] [9] 
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Growth-differentiation factor-15 (GDF-15) is a member of the transforming growth factor-␤ cytokine superfamily that was first identified as macrophage-inhibitory cytokine-1. 10 We have recently shown that cultured cardiomyocytes express and secrete GDF-15 via nitrosative stress-dependent signaling pathways when subjected to simulated ischemia and reperfusion. 11 Moreover, we have observed in a mouse model of cardiac ischemia-and-reperfusion injury that GDF-15 expression levels rapidly increase in the ischemic area after coronary artery ligation, and remain elevated in the myocardium after reperfusion for several days. 11 On the basis of these experimental findings, we hypothesized that circulating GDF-15 levels may offer insight into a distinct pathophysiological axis and provide complementary prognostic information in patients with NSTE-ACS.
Circulating levels of GDF-15 and its relation to other biomarkers and to outcome were therefore studied in patients with NSTE-ACS in the Global Utilization of Strategies to Open Occluded Arteries IV (GUSTO-IV) trial and in a matching cohort of healthy elderly individuals.
Methods

Study Samples
NSTE-ACS Patients
This patient data was part of the GUSTO-IV trial in NSTE-ACS patients, which was performed in 24 countries between 1999 and 2000. The detailed design and main results of the trial have been previously published. 12, 13 Eligible patients were Ն21 years of age, with Ն1 episodes of angina that lasted Ն5 minutes within 24 hours of admission and either a positive cardiac troponin test or Ն0.5 mm of ST-segment depression. Patients were randomly assigned to abciximab or placebo infusion for 24 or 48 hours in addition to standard medical treatment. During 30 days of follow-up, all-cause death and the rate of adjudicated myocardial infarctions were recorded. At 1-year follow-up, only all-cause death information was collected. In a substudy of 399 consecutive patients recruited at Swedish sites, serial citrate plasma samples were available on admission (baseline) and at 24, 48, and 72 hours, which were the first to be analyzed in the present study. On the basis of the significant results in this derivation cohort, it was decided to analyze GDF-15 levels in serum samples taken on admission from another 1682 random patients from the international part of the trial to verify the principle hypothesis from the derivation cohort, ie, that increased circulating levels of GDF-15 provide prognostic information in NSTE-ACS. On the basis of very consistent results in the 2 cohorts, the NSTE-ACS patient materials were then combined to investigate the relation between GDF-15 levels and clinical and biochemical factors and to evaluate the prognostic utility of GDF-15 in the context of, and in combination with, other markers of increased mortality risk.
Healthy Controls
Citrate plasma samples were obtained from apparently healthy subjects included in the Swedish Women and Men and Ischemic Heart Disease (SWISCH) study. This sample consisted of 429 elderly individuals that were matched for age and gender with another contemporary NSTE-ACS sample included in the Fragmin and Fast Revascularization During Instability in Coronary Artery Disease (FRISC) II trial. 6 The detailed design and some biomarker results of the SWISCH trial have been published. 14 Subjects with an abnormal resting 12-lead ECG, cardiovascular medication, established cardiovascular disease, other chronic disease, or acute illness were excluded from the control sample. All SWISCH participants were required to demonstrate normal levels of creatinine, blood glucose, and hemoglobin, and normal white blood cell and platelet counts.
Serum and plasma samples were stored at Ϫ70°C. All subjects provided written informed consent, and the study was approved by the ethics committees of all participating centers.
Laboratory Analyses
GDF-15 Immunoradiometric Assay
The concentration of GDF-15 in serum and plasma samples was determined by an immunoradiometric assay with a polyclonal, GDF-15 affinity chromatography-purified, goat anti-human GDF-15 IgG antibody from R&D Systems (Minneapolis, Minn) (AF957). 15 In each experiment, a standard curve was generated with recombinant human GDF-15 from R&D Systems (957-GD/CF). The results with new batches of recombinant GDF-15 protein were tested in standard plasma samples, and any deviation Ͼ10% was corrected by the introduction of an adjustment factor for this assay. GDF-15 measurements in serum and citrate plasma samples from the same individual yielded virtually identical results. 15 The detection limit of the assay was 20 ng/L. All GDF-15 measurements were performed at Hannover Medical School by investigators who were not aware of patients' characteristics and outcomes.
Other Biomarkers
Troponin T levels were determined by a third-generation assay on an Elecsys 2010 analyzer (Roche Diagnostics, Mannheim, Germany) with a detection limit 0.01 g/L. NT-proBNP levels were determined with an immunoassay on an Elecsys 2010 analyzer with a detection limit of 20 ng/L. CRP concentrations were measured with a chemiluminescent enzyme-labeled immunometric assay (Immulite CRP, Diagnostic Products Corp, Los Angeles, Calif) with a detection limit of 0.1 mg/L. Creatinine levels were analyzed at the participating study centers, and creatinine clearance was calculated according to the Cockcroft-Gault equation.
Statistics
Baseline characteristics are presented as numbers and proportions. Continuous data are given as median (25th to 75th percentiles). Comparisons of continuous or categorical variables between cases and controls were evaluated by nonparametric Mann-Whitney U test or Fisher exact test, respectively. To evaluate the relations between the levels of GDF-15 and baseline characteristics, and the levels of troponin T, NT-proBNP, CRP, and creatinine clearance within tertiles of GDF-15, both Spearman's rank-correlation () coefficients between GDF-15 level and these factors and the Cochran-Armitage trend test for relations between proportions in several groups were used. Coefficients and the Wilcoxon signed rank test were used to compare the changes of GDF-15 within the patient group over time. Multiple linear regression was used to evaluate the association of GDF-15 as the dependent variable with other predictors. The differences in proportions in outcome events in tertiles of GDF-15 levels were judged by Fisher exact test. The Kaplan-Meier method was used to illustrate the timing of events during follow-up in relation to tertiles of GDF-15, and statistical assessment was performed with the log-rank test. Simple Cox regression analyses were used to identify predictors of death at 1 year. All variables were then tested in a multiple Cox regression analysis. For additional comparison of the prognostic values of GDF-15, troponin T, NT-proBNP, CRP, and creatinine clearance with regard to death at 1 year, receiver operating characteristic (ROC) curves were generated, and the areas under the curves (AUC) were calculated. The Hosmer-Lemeshow test was performed to evaluate the fitness of the models derived from multiple Cox regression and ROC curve analyses; all probability values from these tests were Ͼ0.1, which indicates that the models were adequate (data not shown). Data analyses were performed with the SAS 9.1 statistical program (SAS Institute, Inc, Cary, NC).
The authors had full access to and take responsibility for the integrity of the data. All authors have read and agree to the manuscript as written.
GDF-15 Levels on Admission in Patients With
NSTE-ACS (Derivation Cohort)
The derivation cohort comprised 258 men (64.7%) and 141 women (35.3%) with a median age of 69 (59 to 76) years. The baseline characteristics of this patient sample are presented in Table 1 . The NSTE-ACS patients displayed significantly (PϽ0.001) higher GDF-15 levels as compared with the healthy controls, the median was 1499 (1151 to 2203) ng/L, and 1238 ng/L and 1896 ng/L marked the 33rd and 66th percentiles, respectively. Accordingly, about two thirds of the patients had GDF-15 levels above the upper limit of normal (1200 ng/L) in healthy controls. Because this upper limit of normal corresponded to the lower tertile in patients, the patient data were stratified in tertiles (rounded cutoff limits, 1200 and 1800 ng/L) when related to outcome.
Temporal Evolution of GDF-15 Levels in NSTE-ACS (Derivation Cohort)
Serum samples were available on admission and after 24, 48, and 72 hours in the derivation cohort, which allowed us to study the temporal evolution of circulating GDF-15 levels during an episode of NSTE-ACS. Although there was a slight increase, GDF-15 levels stayed within the same range during this time interval (Table 2 ). There was a very limited intra-individual variation over time, as shown by the close correlation between the GDF-15 levels on admission and at later time points (Table 2) ; 69.4%, 70.4%, 72.2%, and 71.9% of the patients had GDF-15 levels above the upper limit of normal on admission and at 24, 48, and 72 hours, respectively. GDF-15 levels on admission and increases in GDF-15 levels during the first 72 hours did not differ significantly between patients randomized to abciximab or placebo (not shown).
GDF-15 Levels and Death in NSTE-ACS (Derivation Cohort)
The risk of death in patients from the derivation cohort increased markedly with increasing levels of GDF-15 on admission, with 30-day mortality rates of 0% (0 of 122), 0.8% (1 of 127), and 5.3% (8 of 150) (Pϭ0.005) and 1-year mortality rates of 0.8% (1 of 122), 2.4% (3 of 127), and 12.7% (19 of 150) (PϽ0.001) in the respective tertiles. Notably, GDF-15 levels measured on admission or at later time points provided similar prognostic information on 1-year mortality risk, although it seemed that the GDF-15 levels within the initial 24 hours had the highest predictive value (Table 3) .
GDF-15 Levels on Admission and Death in NSTE-ACS (Validation Cohort)
The validation cohort comprised 1056 men (62.8%) and 626 women (37.2%) with a median age of 66 (56 to 74) years. Baseline characteristics are presented in Table 1 and show some differences between the derivation cohort from 1 country and the validation cohort from a multitude of countries. The median level of GDF-15 in the validation cohort was 1434 (1035 to 2078) ng/L, which was significantly higher than in the control cohort (PϽ0.001) and somewhat lower than in the derivation cohort (Pϭ0.025) ( Table 1) . With the tertile boundaries established in the derivation cohort, there was a similar distribution, with 35.1%, 31.9%, and 32.9% of the patients in the validation cohort presenting with GDF-15 levels Ͻ1200 ng/L, between 1200 and 1800 ng/L, and Ͼ1800 ng/L, respectively (Table 1) . Also in this cohort, increasing levels of GDF-15 were strongly related to death, with 30-day mortality rates of 0.7% (4 of 591), 2.2% (12 of 537), and 4.0% (22 of 554) (PϽ0.001) and 1-year mortality rates of 1.7% (10 of 591), 5.6% (30 of 537), and 14.4% (80 of 554) in the respective tertiles (PϽ0.001).
Mortality rates in the combined data of 2081 NSTE-ACS patients are illustrated in Figure 1 . Mortality curves showed an early separation, with mortality rates of 0.6% (4 of 713), 2.0% (13 of 664), and 4.3% (30 of 704) at 30 days (PϽ0.001) and 1.5% (11 of 713), 5.0% (33 of 664), and 14.1% (99 of 704) at 1 year (PϽ0.001) in the respective tertiles.
GDF-15 Levels and the Risk of Recurrent Myocardial Infarction in NSTE-ACS
The risk of the composite end point of death or recurrent myocardial infarction at 30 days in the respective tertiles was 7.4% (9 of 122), 9.4% (12 of 127), and 12.0% (18 of 150) in the derivation cohort (Pϭ0.46); 4.6% (27 of 591), 6.3% (34 of 537), and 10.5% (58 of 554) in the validation cohort (PϽ0.001); and 5.0% (36 of 713), 6.9% (46 of 664), and 10.8% (76 of 704) in the combined patient data (PϽ0.001). This relationship was mainly driven by the association of GDF-15 with death. The risk of a subsequent myocardial infarction within 30 days in the respective tertiles was 7.4% (9 of 122), 8.7% (11 of 127), and 8.7% (13 of 150) in the derivation cohort (Pϭ0.92); 4.2% (25 of 591), 4.8% (26 of GDF-15 levels were determined in the derivation cohort (nϭ399) on admission (baseline) and after 24, 48, and 72 hours. Coefficients were calculated to describe the relations between GDF-15 levels at follow-up and baseline. Changes in GDF-15 levels at follow-up compared to baseline were assessed by the Wilcoxon signed rank test. 
TABLE 3. GDF-15 Tertiles at Baseline and Follow-Up as Predictors of 1-Year Mortality in NSTE-ACS Patients From the Derivation Cohort
Relation Between GDF-15 Levels and Clinical and Biochemical Factors in NSTE-ACS
In the combined sample of 2081 patients with NSTE-ACS, increasing tertiles of GDF-15 on admission were positively associated with age, female gender, history of hypertension, and diabetes (Table 4 ). GDF-15 levels were also associated with previous manifestations of cardiac disease; current angiotensin-converting enzyme inhibitor therapy; and markers of ongoing ischemia and necrosis, myocardial dysfunction, and inflammation, as indicated by ST-segment depression and the levels of troponin T, NT-proBNP, and CRP. GDF-15 levels were inversely related to current smoking and creatinine clearance (Table 4 ). In a multiple linear regression analysis that used the natural logarithm of GDF-15 as the dependent variable, the following factors were significantly associated with GDF-15: age (PϽ0.001), male gender (PϽ0.001), time from symptom onset to admission (Pϭ0.006; inverse relation), current smoking (PϽ0.001), diabetes (PϽ0.001), history of heart failure (PϽ0.001), ST-segment depression (Pϭ0.050), NT-proBNP (PϽ0.001), CRP (PϽ0.001), and creatinine clearance (PϽ0.001; inverse relation). The R 2 value of this model was 0.43. There was no independent relation to the level of troponin T on admission (Pϭ0.44).
GDF-15 in the Context of Other Biomarkers of Increased Mortality Risk in NSTE-ACS
By simple Cox regression analysis, the levels of troponin T, NT-proBNP, CRP, creatinine clearance, and GDF-15 were all related to 1-year mortality in the combined NSTE-ACS sample ( Table 5 ). With multiple Cox regression analysis, GDF-15 (PϽ0.001) and NT-proBNP (Pϭ0.009) emerged as the only independent predictors of 1-year mortality after adjustment for demographic and clinical variables ( Table 5 ). Besides GDF-15 and NT-proBNP, only age (hazard ratio per 5-year increase, 1.22; 95% confidence interval [CI], 1.06 to 1.40; Pϭ0.006) and a history of myocardial infarction (hazard ratio, 1.71; 95% CI, 1.14 to 2.56; Pϭ0.009) emerged as independent predictors in the multiple model. Among these independent risk indicators, GDF-15 was the strongest predictor of death. The results were unchanged when a backward stepwise approach was used or when stratification of GDF-15 levels and the other biomarkers in tertiles was performed. Also, when added one at a time in stepwise selection, the only variables that remained significant were GDF-15, NT-proBNP, age, and previous myocardial infarction.
ROC Curve Analyses of GDF-15 and Other Biomarkers
ROC curve analyses of GDF-15 and other individual biomarkers further illustrated that GDF-15 is a strong biochemical indicator of mortality risk with an AUC of 0.757, as compared with NT-proBNP (AUCϭ0.735), creatinine clearance (AUCϭ0.728), CRP (AUCϭ0.629), and troponin T (AUCϭ0.620) ( Figure 2 ). The best GDF-15 level for the prediction of 1-year mortality was 1808 ng/L (sensitivity, 68.5%; specificity, 68.8%).
Combination of GDF-15 With Other Markers of Prognosis in NSTE-ACS
The multiple Cox regression analysis showed that GDF-15 and NT-proBNP were the only biomarkers with an inde- pendent prognostic importance for death. Tertiles of these markers were therefore combined and used on top of the independent clinical predictor of death, previous myocardial infarction (Figure 3 ). The results illustrate that a combination of increasing tertiles of GDF-15 and NT-proBNP levels provided additive prognostic information and identified strata of patients with 1-year mortality rates that ranged from 0.3% to 13.7% in patients without a history of a previous myocardial infarction and from 4.7% to 23.6% in patients with a previous myocardial infarction (Figure 3) . These relationships were further modified only by the age of the patient, with a 22% relative change in The combined material of 2081 NSTE-ACS patients was analyzed. Data are presented as percentages or median (25th to 75th percentiles). *History of hypertension or hypercholesterolemia that required medical therapy. The combined material of 2081 NSTE-ACS patients was analyzed. *These variables were not normally distributed and transformed to their natural logarithms before analysis; hazard ratios refer to 1 standard deviation in the natural logarithms scale.
TABLE 5. Cox-Regression Analyses for 1-Year Mortality Rate in Relation to Biomarker Measurements on Admission
†Hazard ratio refers to 1 standard deviation. The multiple model was adjusted for age, gender, delay time, current smoking, history of hypertension and hypercholesterolemia, diabetes, previous angina pectoris, myocardial infarction, and revascularization, history of heart failure, and ST-segment depression Ն0.5 mm. The assumptions of proportionality over time essential for Cox models were met for all biomarkers.
mortality risk for every increase in 5 years of age (see above).
To investigate the prognostic utility of GDF-15 across the spectrum of patients with NSTE-ACS and to explore whether GDF-15 adds prognostic information to that provided by established markers of mortality risk, the prognostic value of GDF-15 was assessed in several patient subgroups (Figure 4) . A GDF-15 level Ͼ1808 ng/L (best cutoff value determined by ROC curve analysis) was associated with an increased risk of death in patients Յ66 years (median) and Ͼ66 years of age. GDF-15 was prognostic in males and in females; in current smokers and nonsmokers; and in patients with or without hypertension, hypercholesterolemia, diabetes, previous myocardial infarction, or a history of heart failure. GDF-15 added prognostic information in patients assigned to abciximab or placebo. The prognostic utility of GDF-15 was maintained in patients with a delay time Յ9.8 hours (median) or Ͼ9.8 hours, in patients with or without ST-segment depression Ն0.5 mm, in patients with troponin T levels on admission Յ0.01 g/L or Ͼ0.01 g/L, in patients with a creatinine clearance Յ63 mL/min (median) or Ͼ63 mL/min, in patients with CRP levels Յ10 mg/L or Ͼ10 mg/L, and in patients with NT-proBNP levels Յ1000 ng/L or Ͼ1000 ng/L (Figure 4 ).
Discussion
This study demonstrates for the first time that GDF-15 is a powerful biomarker of cardiovascular disease and increased risk of death in patients with NSTE-ACS. Measurement of GDF-15 adds substantial and independent prognostic information beyond that provided by established clinical and biochemical markers such as troponin T, NT-proBNP, CRP, and renal function.
Circulating GDF-15 levels were significantly elevated in patients with NSTE-ACS and closely related to 1-year mortality after the acute event. This was first observed in a derivation cohort of 399 patients from Sweden and subsequently verified in an independent international cohort of 1682 patients. About two thirds of NSTE-ACS patients in our study had levels Ͼ1200 ng/L, the upper limit of normal in apparently healthy elderly subjects, and about one third had levels Ͼ1800 ng/L. Among patients within the normal range of GDF-15, the 1-year mortality rate was low at 1.5%. In patients with a moderate elevation of GDF-15 (1200 to 1800 ng/L), the 1-year mortality rate was intermediate at 5.0%, and in those patients with a marked elevation (Ͼ1800 ng/L), the 1-year mortality rate was very high at 14.1%. The differences in mortality were observed early after the index event and were highly significant after 1 month.
Although the median GDF-15 level increased slightly after admission, it remained remarkably stable within each patient during 72 hours of observation. GDF-15 levels determined in individual patients at different occasions were closely correlated and gave similar prognostic information about mortality risk, which shows that a single measurement of GDF-15, obtained at any time point during the first 24 hours and maybe even 72 hours after admission, will provide comparable prognostic information in patients with NSTE-ACS.
GDF-15 levels on admission were strongly and independently related to age, male gender, current smoking, diabetes, history of heart failure, cardiac dysfunction (NT-proBNP), inflammatory activity (CRP), and renal dysfunction (creatinine clearance), which indicates that elevated levels of GDF-15 integrate several important clinical and biochemical indicators of more severe cardiovascular disease and/or poor prognosis in patients with NSTE-ACS. The inverse relation of the GDF-15 level to the time from symptom onset to admission (delay time) might be related to the association between GDF-15 and the severity of disease/symptoms, which would result in a shorter delay in patients with higher GDF-15 levels. Together, these factors explained only part of the variation in the GDF-15 levels on admission (R 2 value Of all these interrelated variables, GDF-15 emerged as the strongest predictor of raised 1-year mortality risk. Beyond GDF-15, only age, previous myocardial infarction, and the levels of NT-proBNP added independent prognostic information. The combined information from these 4 variables supplanted the prognostic contribution from other markers of raised mortality risk in NSTE-ACS, including indicators such as diabetes, 5, 9 history of heart failure, 3, 5 inflammatory activity (CRP), 4,9 renal dysfunction, 5,7 ST-segment depression, 8, 9 and troponin T. 2, 6, 8, 9 ROC curve analyses further illustrated that GDF-15 is a strong biochemical marker of 1-year mortality risk, with an AUC of 0.757. The best cutoff value for the identification of patients with a high 1-year mortality risk was 1808 ng/L, which was almost identical to the upper tertile boundary. At this cutoff, GDF-15 provided prognostic information in clinically relevant patient subgroups defined according to age, gender, underlying cardiovascular risk factors, and history of previous cardiovascular disease. provided prognostic information in patients who presented early or late after symptom onset, and in patients randomized to abciximab or placebo. Notably, GDF-15 added prognostic information to several established indicators of raised mortality risk in patients with NSTE-ACS, including ST-segment depression Ն0.5 mm, 8, 9 a troponin T level Ͼ0.01 g/L on admission, 6, 8, 9 renal dysfunction, 5,7 CRP levels Ͼ10 mg/L, 9 and NT-proBNP levels Ͼ1000 ng/L. 16 Besides the ROC curve analysis-derived cutoff value, which identified highrisk patients, a cutoff value Ͻ1200 ng/L (the upper limit of normal) was useful for identification of low-risk patients in the aforementioned patient subgroups (not shown).
Despite its strong and independent relation to 1-year mortality risk, GDF-15 was not related to the risk of early reinfarction in this cohort of patients with NSTE-ACS. However, it should be emphasized that the follow-up for reinfarction was rather short in GUSTO-IV (30 days). Indeed, in our ongoing studies in other NSTE-ACS patient cohorts with longer follow-up, GDF-15 also emerges as an independent predictor of the risk of reinfarction.
The GDF-15 level was only weakly related to the magnitude of ongoing ischemia and infarction, as evidenced by the weak independent relation to ST-segment depression and lack of independent relation to the level of troponin T in the acute phase of NSTE-ACS. Also, there was only a slight increase of GDF-15 levels during the acute phase of NSTE-ACS, which suggests that the prognostic value of GDF-15 might be unrelated to the extent of myocardial damage. These findings are consistent with studies in mice that show that GDF-15 expression levels increase to a similar extent in the ischemic myocardium after transient coronary artery ligation (limited damage) or permanent coronary ligation (extensive necrosis) and that GDF-15 levels remain elevated in the heart for at least 1 week after an ischemic insult. 11 Notably, GDF-15 appears to be actively involved in the pathophysiology of cardiac ischemia-reperfusion injury by promotion of antiapoptotic effects in cardiomyocytes. 11 In cultured cardiomyocytes, GDF-15 expression is strongly upregulated by several stressors, including nitric oxide, nitrosative stress, and inflammatory cytokines, 11 all of which are putative signaling mediators in the ischemic and reperfused heart. 17 Together, these experimental data suggest that GDF-15 may provide insight into a distinct pathophysiological axis in ACS.
In conclusion, GDF-15 is a new biomarker of the risk of death in patients with NSTE-ACS that provides prognostic information beyond that provided by established clinical and biochemical markers. Future studies need to explore whether GDF-15 can help with therapeutic decision making in NSTE-ACS.
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